Introduction
Due to their ability to kill pathogens, neutrophils have long been recognized as one of the main cellular components of the innate immune response against infectious microorganisms. Neutrophils are terminally differenti-flexneri , Staphylococcus aureus , Salmonella typhimurium , Streptococcus pneumoniae, Streptococcus pyogenes and the fungus Candida albicans . NETs consist of smooth fibers with a diameter of 15-17 nm, which are probably comprised of a sequence of nucleosomes from unfolded chromatin and globular domains of 25-28 nm diameter [4] . The interweave of these chromatin strands results in an extracellular three-dimensional structure surrounding the neutrophil from where they emerge ( fig. 1 ). The major constituent of these fibers is DNA with embedded granular antimicrobial peptides and enzymes such as elastase, cathepsin G, and myeloperoxidase [4] . Additional component of the NETs are histones H1, H2A, H2B, H3, and H4 [4] . DNA is the main structural component and scaffold of NETs, since treatment with deoxyribonuclease (DNase) but not with proteases results in the disintegration of these structures [4] . Interestingly, cytoplasmic proteins such as actin and tubulin are excluded from the NETs [4] . 
The Genesis of NETs
How neutrophils generate and release the NETs has been one of the most enigmatic aspects of this antimicrobial mechanism. NETs are released upon activation by PMA, IL-8, LPS, bacteria and fungi. Nevertheless, stimulation of neutrophils with microorganisms seems to be much more efficient at inducing NET formation than stimulation with single bacterial components such as LPS [5, 6] , suggesting a requirement for multiple signaling to achieve optimal NETs production by neutrophils.
NETs are released by dying neutrophils after the rupture of the cell membrane. However, formation of NETs is not the result of leakage during necrotic cell death as shown by a lack of detection of the cytoplasmic marker lactate dehydrogenase as well as by the exclusion of vital dyes by activated neutrophils for at least 2 h after stimulation [5, 6] . The process of NET formation is also clearly distinct from apoptosis, since it occurs as early as 10 min after activation, too rapidly to be caused by apoptosis [5, 6] . In addition, NET-forming neutrophils lack the DNA fragmentation and exposure of phosphatidylserine typical of the apoptotic cell death pathway [7] . Therefore, NET formation seems to be the consequence of a novel form of active cell death that is neither necrosis nor apoptosis. Several of the features of this new death cell pathway, which has been termed ETosis [8] , have been recently elucidated by Fuchs et al. [6] . During NET formation the nuclei of neutrophils lose their shape and the eu-and heterochromatin homogenize. Mixing of the NET components takes place as the nuclear envelope and the granule membranes disintegrate and nuclear material comes into direct contact with granule components. In a final step, the cell membrane breaks and the NETs are released concomitant with cell death [6] .
Several lines of evidence have demonstrated that the generation of reactive oxygen species (ROS) by NADPH oxidase is required for the formation of NETs. Thus, pharmacological inhibition of the respiratory burst after treatment of neutrophils with diphenylene iodonium strongly impaired NET formation [6] . In addition, exogenous H 2 O 2 has been shown to be a potent inductor of NETs, while exogenous catalase, which degrades H 2 O 2 , impeded the formation of NETs [6] . Finally, neutrophils isolated from patients with chronic granulomatous disease, which carry mutations in NADPH oxidase, failed to produce NETs after stimulation with PMA but not after stimulation with H 2 O 2 [6] . Although the role of ROS as mediators of NETs formation is undeniable, how ROS induce ETosis cell death of neutrophils and the signaling cascade involved remain unclear. The possibility that ROS can act as a second messenger promoting the downstream signaling events leading to ETosis and NET formation deserve further investigations.
The Antimicrobial Effect of NETs
During the infection process, neutrophils will actively contribute to kill pathogens by both phagocytosis and production of NETs. NETs have been shown to entrap and disarm a wide range of bacterial pathogens such as S. flexneri , S. aureus , S. typhimurium , S. pneumoniae and S. pyogenes , but also pathogenic fungi such as C. albicans ( fig. 1 ) [4, [9] [10] [11] . Although the molecular mechanism underlying the entrapment of microorganisms by the NETs is unclear, electrostatic interactions between cationic NETs components and the negatively charged surface of microorganisms has been proposed as potential mechanism. Intact NET structure is crucial for effective bactericidal activity, since negligible pathogen killing can be observed when NETs are dismantled after treatment with DNase [4] . Pathogens entrapped in the NETs are killed possibly after being exposed to a high local concentration of antimicrobial proteins such as neutrophil elastase, bactericidal permeability-increasing protein and histones [4] .
Although most pathogens are killed after they have been trapped by NETs [4, 9] , some bacteria have developed strategies to escape trapping and killing. One such mechanism includes the ability to produce DNases found in several pathogenic bacteria such as S. pyogenes, S. aureus or S. pneumonia [12] [13] [14] . By producing DNases, these pathogens can escape the NETs by degrading the DNA backbone [10, 11] . Thus, Buchanan et al. [11] have demonstrated that expression of DNase Sda1 is an important virulence attribute of S. pyogenes, since DNase-deficient strains are more sensitive to extracellular neutrophil killing in vitro than those actively producing the nuclease. In addition, transformation of nonpathogenic Lactococcus lactis with a plasmid containing the Sda1 gene enhanced the bacteria resistance to extracellular killing by neutrophils [11] . The relevance of Sda1 during in vivo infection was demonstrated by significantly larger lesions developed in mice after subcutaneous challenge with S. pyogenes expressing DNase than in those challenged with a DNase-deficient strain [11] .
Also S. pneumoniae expresses a surface nuclease (endA) that enables the bacterium to degrade the DNA scaffold of NETs and to escape [10] . A mutant lacking endA infects the upper respiratory tract in mice but fails to disseminate into the lungs and bloodstream [10] . In addition, the expression of capsule enables S. pneumoniae to reduce the binding and entrapments of NETs [15] .
The Role of NETs in Host Defense
One crucial issue is the relevance of NET formation in in vivo conditions. NETs have been found to be abundant at sites of infection. NETs have been observed in samples from experimental shigellosis in rabbits as well as in spontaneous appendicitis in humans [4] . NETs have also been described lining the alveoli in the lungs of mice infected with S. pneumoniae [10] as well as at the skin infection foci in a murine model of S. pyogenes -induced necrotizing fasciitis [11] . Recently, NETs were also found in bovine mastitis [16] .
In addition to their antimicrobial properties, the confinement of pathogens to a local site of infection might be an important function of NETs. Thus, NETs may serve as a physical barrier that prevents further spread of bacteria. In addition, immobilizing neutrophil granule components into NETs may keep potentially noxious proteins like proteases from diffusing away and inducing damage in tissue adjacent to the site of inflammation.
The Contribution of NETs to Pathological Conditions
Production of NETs might also have a deleterious effect on the host due to the release of high levels of DNA and histones which could play a role during the development of autoimmune diseases like lupus erythematosus, induced by autoimmune reactions to the host's own DNA [17] .
NETs might also be involved in the pathogenesis of human preeclampsia, a leading cause of fetal and maternal mortality worldwide [18] . Preeclampsia is a severe disorder of late pregnancy characterized by neutrophil activation and increased levels of cell-free DNA in the maternal plasma [19, 20] . As placenta-derived syncytiotrophoblast microparticles have been reported to be capable to induce NET formation in vitro [21] , it was proposed that a massive NET induction by the placentally derived factors (IL-8 and placental microdebris) might be involved in the pathogenesis of preeclampsia [21] . Increased presence of NETs in preeclampsia can explain the increased levels of maternal circulatory cell-free DNA and might play a role in the deficient placental perfusion associated with this disorder.
It has also been reported that under extreme conditions such as severe sepsis, platelets can induce activation of neutrophils sequestered in the microvascular bed in a Toll-like receptor 4-dependent manner, leading to the production of NETs [22] . The NETs seem to retain their integrity under flow conditions and ensnare bacteria within the vasculature at the expense of injury to endothelium and tissues. Tissue injury is probably caused by the reduction in sinusoidal perfusion of blood, causing ischemic conditions, as well as by the release of proteases into the extracellular vascular compartment.
Production of Extracellular Traps by Innate Immune Cells Other than Neutrophils
Recently, it has been reported that mast cells can kill bacteria by entrapping them in extracellular structures similar to the NETs [23] . Mast cells are tissue cells that are located preferentially at the host-environment interface. After activation, they exert their biological effects by releasing preformed and de novo-synthesized mediators such as histamine, proteases, leukotrienes, prostaglandins and various cytokines [24] . Mast cells can mediate bacterial clearance at sites of infection through the release of TNF-␣ and recruitment of neutrophils [25, 26] . In addition, mast cells themselves can also directly kill pathogens either by classical phagocytosis or by entrapping them in extracellular structures similar to NETs, which have been termed MCETs ( fig. 2 ) [23] [24] [25] [26] . The MCETs are produced by mast cells in response to either pathogens or PMA stimulation and are composed by DNA, histones and granule proteins such as tryptase and the antimicrobial peptide LL-37 [23] . As shown with neutrophils, disruption of MCETs results in a significant reduction of the extracellular antimicrobial effect of mast cells, suggesting that intact extracellular webs are critical for effective inhibition of bacterial growth [23] . Similar to NETs, production of MCETs is mediated by ROS-dependent cell death accompanied by disruption of the nuclear envelope, which can be induced after stimulation of mast cells with PMA, H 2 O 2 or bacterial pathogens [23] . Mast cells are, therefore, the first innate cell population other than neutrophils reported to generate antimicrobial extracellular traps. Whether other cells of the innate immune system are also capable of producing these antimicrobial structures requires further investigations.
Conclusions
During the past years, significant efforts have been made to dissect the molecular mechanisms governing the generation of NETs. Nevertheless, more work has to be done to understand the mechanism of pathogen trapping within NETs. In addition, the downstream mechanisms, specifically how ROS triggers cell death, still remain to be characterized.
The biological significance of NETs is just beginning to be explored. Further studies are required to investigate the contribution of NETs to other inflammatory and autoimmune disorders where neutrophil activation has been shown. This might be the future challenge for the next years in NETs research and this will presumably open new avenues for the development of tools to modulate inflammation.
